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A highly neurovirulent murine coronavirus JHMV (wild-type [wt] JHMV) is known to spread from cells 
infected via the murine coronavirus mouse hepatitis virus receptor (MHVR) to cells without MHVR (MHVR- 
independent infection), whereas a mutant virus isolated from wt JHMYV, srr7, spread only in an MHVR- 
dependent fashion. These observations were obtained by the overlay of JHMV-infected cells onto receptor- 
negative cells that are otherwise resistant to wt JHMV infection. MHVR-independent infection is hypothetically 
thought to be attributed to a naturally occurring fusion activation of the wt JHMV S protein, which did not 
occur in the case of srr7. Attachment of S protein on cells without MHVR during the S-protein activation 
process seems to be a key condition. Thus, in the present study, we tried to see whether wt JHMYV virions that 
are attached on MHVR-negative cells are able to infect those cells. In order to make virions attach to the cell 
surface without MHVR, we have used spinoculation, namely, the centrifugation of cells together with inocu- 
lated virus at 3,000 rpm for 2 h. This procedure forces viruses to attach to the cell surface, as revealed by 
quantitative estimation of attached virions by real-time PCR and also facilitated wt JHMV infection to 
MHVR-negative cells, but failed to do so for srr7. Virions of both wt and srr7 attached on MHVR-negative cells 
by spinoculation were facilitated for infection in the presence of a soluble form of MHVR that induces 
conformational changes of both wt and srr7. It was further revealed that wt JHMV S1, but not srr7, was 
released from the cell surface when S protein was expressed on cells. These observations support the hypothesis 
that attachment of the virion to MHVR-negative cells is a critical step and that a unique feature of wt JHMV 


S1 to be released from S2 in a naturally occurring event is involved in an MHVR-independent infection. 


The binding of virus to its specific receptor on a susceptible 
cell surface is an initial event in viral infection. A number of 
molecules classified into the immunoglobulin (Ig) superfamily 
are known to serve as receptors for various viruses. For exam- 
ple, CD4, signaling lymphocyte-activation molecule (SLAM or 
CD150), and a cell adhesion molecule in a carcinoembryonic 
antigen (CEACAM1 or MHVR) are identified as functional 
receptors for human immunodeficiency virus (HIV) (7, 22), 
measles virus (43, 46) and murine coronavirus mouse hepatitis 
virus (MHV), respectively (12, 45). However, additional alter- 
native molecules are thought to be used as a receptor for HIV 
and measles virus, since they are known to infect cells lacking 
their specific receptors, CD4 or SLAM (4, 21). 

MHV is classified as one of the Coronaviridae, consisting of 
an enveloped virus with a single, positive-stranded genomic 
RNA of about 31 kb (26). The characteristic spikes on the 
virion surface are composed of spike (S) protein. S protein is a 
class I fusion protein of 180 to 200 kDa in molecular mass (5, 
26). It is synthesized as a large protein and cleaved by cellular 
protease into two subunits, N-terminal S1 and C-terminal S2 
(37). The N-terminal region of $1 consisting of 330 amino acids 
(S1N330) is responsible for receptor binding (25, 38), and S2 is 
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not involved in this activity (39). After receptor binding, S1 is 
dissociated from the membrane-anchored S2 subunit, which 
triggers the conformational changes of S2 to acquire fusion 
activity (28). The cell entry mechanism of MHV is very similar 
to that of HIV proposed by Chen and Kim (6). Likewise, the 
structural features of MHV S2 subunit are very similar to those 
of the membrane-anchored subunit of HIV envelope protein 
gp41. They both have two heptad repeats (HR) upstream of 
the transmembrane domain (6, 10) that play a crucial role in 
fusion of viral and cell membranes by forming so-called “six- 
helix bundles” (5, 6, 10, 14). 

The major receptor for MHV, CEACAM1 or MHVR, is 
composed of four Ig-like ectodomains, a transmembrane do- 
main (TM), and a cytoplasmic tail (Cy) (3, 12). There are four 
isoforms, two having four immunoglobulin-like domains and 
the other two having Ig-like domains, one of which has either 
a long or a short Cy (3). The N-terminal (N) domain is respon- 
sible for virus binding (13), induction of S protein conforma- 
tional changes, and activation for fusion (30), although the N 
domain linked with TM and Cy and expressed on the cell 
surface is not functional, which is presumably due to inacces- 
sibility for MHV to short molecules expressed on the cell 
surface (13, 30). 

Although MHVR is a critical receptor for MHV, a highly 
neurotropic strain of JHMV was revealed by Gallagher et al. 
(17) to spread from DBT cells initially infected in an MHVR- 
mediated manner to MHVR-negative BHK cells via DBT- 
BHK cell fusion, when infected DBT cells were overlaid onto 
a BHK monolayer (called MHVR-independent fusion/infec- 
tion by an infected-cell overlay test) (17). We have isolated 


WMO 8 Ateiqin 4SON Aq GL0g ‘92 IlHdy uo /Buo'wse"IAl//:dyy wo papeojumog 


4902 WATANABE ET AL. 


from wild-type (wt) JHMV with this activity, a mutant virus 
resistant to neutralization by soluble receptor (srr7) that lacks 
this unique feature of infection (34, 42). Recent studies sug- 
gested that the high neurovirulence of wt JHMV was due to 
the MHVR-independent infection (18, 31). 

The mechanism of this MHVR-independent infection and 
fusion is still speculative, although some unusual feature of wt 
JHMV S, but not srr7 S, hints that there is a possible mecha- 
nism of this unique mode of infection. wt JHMV S1 is report- 
edly removed from membrane-anchored S2 (23), and the con- 
formational changes in the S2 take place (28). Both of these 
activities occur naturally, without binding to MHVR. These 
findings suggest that the spontaneous release of S1 from S2 
triggers the conformational changes of the S2 in a similar 
fashion, since it occurs after binding its receptor. The fusion 
peptide in S2 could penetrate into the membrane without 
MHVR, if S protein is attached on the membrane when S1 is 
being detached from S2. Expectedly, virus inoculation onto 
BHK cells does not permit virus infection, whereas JHMV- 
infected DBT cells overlaid onto BHK cells permits the infec- 
tion, since S proteins on infected DBT cells are attached onto 
BHK cells, whereas virion S protein fails to attach to the cell 
membrane because of the absence of the receptor that binds 
the virus and cell membrane. 

If the hypothesis described above is correct, wt JHMV can 
infect a cell without a receptor under conditions whereby the 
virion is forced to attach to the cell surface. Thus, the present 
study is undertaken to attach virions onto the cell surface 
without MHVR expression. To achieve such conditions, we 
have used spinoculation, which enabled or facilitated virion 
attachment onto the cell surface by spinning cells, as well as 
inoculated viruses for retroviruses (8, 15, 32). We show here 
that spinoculation enabled wt JHMV and srr7 attachment onto 
the cell membrane, while it facilitated the infection of wt 
JHMYV, but not that of srr7, into MHV receptor-negative cells. 
In addition, $1 of wt JHMV but not srr7 S1 was revealed to be 
free from S2 when S protein was expressed on BHK cells. 
These results are in good agreement with the hypothesis de- 
scribed above. 


MATERIALS AND METHODS 


Cells and viruses. The MHVR-positive cell line DBT (mouse delayed brain 
tumor) and the MHVR-negative BHK (baby hamster kidney), VeroE6 (African 
green monkey kidney), and HeLa (human cervical cancer) cell lines were main- 
tained in Dulbecco minimum essential medium (DMEM; Nissui, Tokyo, Japan) 
supplemented with 5% fetal bovine serum (FBS; Tissue Culture Biologicals, 
California). A highly fusogenic MHV strain, MHV-JHM cl-2 (defined as wt 
JHMV) (40), and a soluble receptor-resistant mutant derived from wt JHMV, 
srr7 (34), were amplified and assayed on DBT cells as described previously (42). 
Viral infectivity was shown as PFU. srr7 has a single amino acid mutation at 
position 1114 (Leu to Phe) of the S2 subunit of the S protein relative to wt 
JHMV (34). 

Spinoculation. Spinoculation, with modifications, was done according to the 
previous reports on retroviruses (8, 15, 32). BHK and DBT cells were seeded at 
a concentration of 5 X 10° cells in 0.5 ml per well of a 24-well culture plate 
(Falcon, Franklin Lakes, NJ). After 6 h of incubation, cells were washed once 
with phosphate-buffered saline (pH 7.2) (PBS) and inoculated with viruses seri- 
ally diluted by 10-fold in 300 wl of DMEM containing 0.5 wg of concanavalin A 
(ConA; Wako, Osaka, Japan)/ml. The plates were centrifuged at 3,000 rpm 
(1,750  g) for 2 h at 4°C. As a control, cells in 24-well plates were inoculated 
with virus in 50 wl of DMEM and cultured for 1 h at 4°C without centrifugation. 
After infection, cells were washed three times with ice-cold PBS and incubated 
with DMEM supplemented with 1% FBS for further 14 h at 37°C. Cells were 
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then fixed and stained with crystal violet, and the syncytia were counted under 
light microscopy. 

In some experiments, a soluble form of MHVR (soMHVR) was added into the 
culture after spinoculation of viruses as described above. For this experiment, 
soMHVRI1 (1) containing N domain alone of the MHVR (30), which was re- 
vealed to have a receptor functionality indistinguishable from soluble MHVR 
composed of two ectodomains (30), was utilized, after being expressed by re- 
combinant baculovirus and purified by using its tag as described previously (42). 

Quantitative estimation of viral RNA by real-time PCR. BHK cells prepared 
in 24-well plates were inoculated with 10° PFU (corresponding to 1.1 x 107’ and 
1.4 X 107 copies for wt JHMV and srr7, respectively) of viruses/well and then 
incubated with or without centrifugation as described above. Then, cells were 
washed three times with PBS, and total cell-associated RNAs were extracted by 
using ISOGEN (Nippon Gene, Tokyo, Japan) according to the manufacturer’s 
instruction. Five micrograms of yeast tRNA (Sigma, St. Louis, MO) was added 
as a carrier. The real-time reverse transcription-PCR to estimate the amount of 
viral RNA was performed as described previously for SARS-CoV mRNA detec- 
tion (29) with slight modification. A series of reactions were performed by using 
LightCycler RNA Master mix (Loche Diagnostics, Mannheim, Germany). The 
target sequence was set at the inside of the N protein. The nucleotide sequences 
of the forward and reverse primers were 5’-TGTCTTTTGTTCCTGGGCA-3' 
and 5'-CAAGAGTAATGGGGAACCA-3’, respectively. To detect the ampli- 
fied fragments, we used hybridization probes labeled with fluorescence dye, 
5'-GCTCCTCTGGAAACCGCGCTGGTAATGG-3’ (3'fluorescein isothiocya- 
nate labeled), and 5'-ATCCTCAAGAAGACCACTTGGGCTGACCAAAC 
C-3' (5'LCRed640 labeled). These oligonucleotides were synthesized according 
to the MHV-JHM N gene sequence (36). PCR analysis was performed under the 
following conditions (reverse transcription, 61°C for 20 min; PCR, 95°C for 30 s; 
40 cycles for 95°C for 5 s, 55°C for 15 s, and 72°C for 13 s). To obtain a calibration 
line, DNA plasmids encoding target sequences were serially diluted and sub- 
jected to real-time PCR analysis. The relationship between the copy number of 
target sequence (y axis) and cycle of real-time PCR to reach a positive level (x 
axis) was obtained. The amounts of virus that attached onto cells were calculated 
from a calibration line obtained as described above. 

Expression of S proteins and evaluation of S1 dissociation. MHV S proteins 
were expressed in BHK and HeLa cells by either transient expression by the 
transfection of expression plasmids or transient vaccinia virus expression system 
as previously reported (42). BHK cells were transfected by using FuGENE6 
transfection reagent (Roche) with the plasmids containing wt JHMV or srr7 S 
gene under the control of the cytomegalovirus and T7 promoters pTarget/cl2-S 
or pTarget/srr7S (27). These cells were cultured for 40 h after transfection, and 
the expressed S protein was analyzed by flow cytometry as described below. As 
for the S-protein expression by vaccinia virus, BHK cells were infected with 
vTF7.3, a recombinant vaccinia virus harboring the T7 RNA polymerase gene 
(16) with a multiplication of infection of 5 and incubated at 37°C for 1 h. The 
cells were then treated with trypsin and transfected with plasmid pTarget/cl2-S or 
pTarget/srr7S (27) by electroporation using a GenePulser (Bio-Rad, Hercules, 
CA). Cells were then cultured in DMEM containing 5% FBS, and the culture 
medium was replaced with fresh medium 3 h after transfection. After an addi- 
tional 12 h of incubation, the culture supernatants and cells were separately 
harvested. To detect the released S1 protein, culture supernatants were centri- 
fuged at 9,000 x g for 1 min to clarify the cell debris, and a mixture of anti-S 
monoclonal antibodies (MAbs 2, 3, and 7) (24) and protein G-Sepharose (Am- 
ersham Bioscience, Arlington Heights, IL) was added, followed by further incu- 
bation at 4°C for 4 h with gentle rotation. After five washes with PBS, an aliquot 
of 2X sodium dodecyl sulfate (SDS) sample buffer (100 mM Tris-Cl [pH 6.8], 4% 
SDS, 200 mM dithiothreitol, 20% glycerol; volume equal to protein A-Sepha- 
rose) was added, and the lysates were subjected to Western blot analysis. To 
detect S proteins expressed in cells, cells infected with vTF7.3 and transfected as 
described above were washed twice with PBS and lysed with cell lysis buffer (PBS 
containing 10% glycerol and 1% Triton X-100). After centrifugation at 9,000 
g for 1 min, soluble fractions were mixed with 2x SDS sample buffer as described 
above. 

Western blot analysis. S proteins of wt JHMV and srr7 were prepared as 
described above and analyzed by Western blotting as described previously (27, 
34). Briefly, each sample was separated by SDS-7.5% polyacrylamide gel elec- 
trophoresis and transferred to a polyvinylidene difluoride membrane (Millipore, 
Bedford, MA). S proteins on the membrane were reacted with anti-S1 (11F) or 
anti-S2 (10G) MAb (33) and subsequently with anti-mouse immunoglobulin G 
(IgG) serum labeled with horseradish peroxidase as described elsewhere (27, 34). 
The bands were then visualized by using Supersignal West Dura (Pierce, Rock- 
ford, IL) with LAS-1000PLUS (Fujifilm, Tokyo, Japan). 
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FIG. 1. Quantitative estimation by real-time PCR of virus attached onto cells after spinoculation: (A) Calibration in real-time PCR. Control 
DNA encoding the target sequence was subjected to real-time PCR. The relationship between the copy numbers of target sequence (y axis) and 
the cycles of real-time PCR to reach a positive level (x axis) is shown. (B) Effect of spinoculation on virus binding. BHK cells were spinoculated 
(black column) or inoculated by ordinary methods (shaded column) with 10° PFU of wt and srr7 as described in Materials and Methods. 
Cell-attached virus copies were estimated by real-time PCR using a total RNA extracted from infected cells. They were calculated from the 
calibration line shown in panel A. Error bars represent the standard deviations of the results of three independent experiments. 


Indirect immunofluorescence assay (IFA). To examine viral antigens in cells 
infected by spinoculation, cells spinoculated as described above were fixed with 
acetone-methanol (1:1) for 2 min. After three washes with PBS, cells were 
incubated with anti-S MAbs (a mixture of MAbs 2, 3, and 7) (24) for 1 h at 37°C. 
After three washes with PBS, cells were further incubated with fluorescein 
isothiocyanate-conjugated anti-mouse IgG (Zymed Laboratories, California). 

Flow cytometry. BHK cells transfected with pTarget/cl2-S or pTarget/srr7S as 
described above were examined for the S protein expression on cell surface by 
flow cytometric analysis with cytofluorometer FACSCalibur (Becton Dickinson, 
San Jose, CA). Transfected cells were treated with PBS containing 0.05% EDTA 
to prepare a single cell suspension and collected into microtubes. The cells were 
fixed with 4% paraformaldehyde at 4°C for 10 min; reacted with an aliquot of 
1:200-diluted anti-S MAbs 2, 3, and 7 for 1 h on ice; and washed with PBS 
containing 1% FBS. The cells were then incubated with 1:200-diluted anti-mouse 
IgG (H+L) conjugated with phycoerythrin (Jackson Immunoresearch, West 
Grove, PA) for 1 h on ice. After three washes with PBS, the fluorescence 
intensity was analyzed with FACSCalibur. 


RESULTS 


Enhancement of viral attachment onto MHVR-negative cells 
by spinoculation. Spinoculation has been reported to force viri- 
ons attached onto cell membrane for retroviruses (8, 15, 32). 
We first tested whether the spinoculation applied to those 
viruses can enhance the attachment of MHV onto MHVR- 
negative cells. To enhance the adsorption efficiency, Polybrene 
or DEAE-dextran was included in the medium, which was 
shown to not enhance JHMV infection (data not shown). In- 
stead, ConA was revealed to enhance the adsorption efficiency. 
Finally, we spinoculated wt JHMV and srr7 onto BHK cells 
prepared in 24-well plates in 300 pl of DMEM containing 0.5 
wg of ConA/ml/vell and spun the sample at 3,000 rpm for 2 h 
at 4°C. After the cells were washed, the total RNA was ex- 
tracted from them, and virus genome RNA copies were eval- 
uated by real-time PCR according to the calibration line ob- 
tained using cloned DNA of target sequence (Fig. 1A). As 
shown in Fig. 1B, spinoculation under the above conditions 
augmented the virus attachment to MHVR-negative BHK by 
~100-fold. There was no significant difference between wt 


JHMV and srr7 in the virus copies attached to MHVR-nega- 
tive BHK by the spinoculation used in the present study. Un- 
expectedly, considerable amounts of both wt and srr7 at- 
tached onto BHK cells after ordinary infection, although the 
molecule(s) participating into this binding has not yet been 
identified. 

Enhancement of MHVR-independent infection of wt JHMV 
by spinoculation. Since spinoculation was revealed to enhance 
the virus attachment onto cells for both wt JHMV and srr7, we 
then examined whether it enhances virus infection or not. BHK 
cells were spinoculated with either wt JHMV or srr7, and 
syncytium formation was examined at 14 h after incubation. As 
shown in Fig. 2, a large number of syncytia were produced after 
infection with wt JHMV but not at all after infection with srr7. 
To quantitatively examine the effect of spinoculation, we in- 
oculated about 10* PFU/well of either wt JHMV or srr7, and 
the number of syncytia formed was determined. As shown in 
Fig. 3, spinoculation of wt JHMV augmented the infection on 
MHVR-negative BHK cells by 200- to 1,000-fold (with a mean 
value of ca. 800-fold), while it failed to facilitate the infection 
of srr7. wt JHMV infected BHK cells very inefficiently (2.75 
syncytia per well after infection with 10* PFU) by standard 
procedures of infection (nonspinoculated and incubated at 4°C 
for 1 h). Although the enhancement was not so remarkable, 
spinoculation of both wt and srr7 enhanced their infection on 
MHVER-positive DBT cells by ca. 10-fold (Fig. 3). 

We then examined whether spinoculation facilitates the wt 
JHMV infection in other MHVR-negative cells. We have 
tested HeLa cells and VeroE6 cells, as well as BHK cells, all of 
which are MHVR negative and resistant to infection to wt 
JHMYV. All of these cell lines were infected by spinoculation 
with wt JHMV\V, as described for the infection to BHK cells, and 
syncytium formation was observed. As shown in Fig. 4, after 
phase-contrast microscopy no syncytium formation was found 
in two cell lines, HeLa and VeroE6 cells, whereas syncytia were 
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FIG. 2. Syncytium formation of BHK cells with wt JHMV infected by spinoculation: wt and srr7 (10* PFU) were spinoculated [spin (+)] or 
inoculated by an ordinary method [spin (—)] and cultured in DMEM containing 5% FBS for 14 h. Cells were fixed and stained with crystal violet. 


Mock-infected cells are shown as a control (mock). 


clearly visible for infection of BHK cells. We then examined 
these cells by IFA to determine whether a small number of 
cells unrecognized by microscopy were infected or not. As 
shown in Fig. 4, tiny syncytia were detected by IFA on both 
HeLa and VeroE6 cells, showing that wt JHMV infected var- 
ious cells without MHVR, when they are forced to attach on 
these cells by spinoculation. After the spinoculation of 10° 
PFU of wt JHMV, ca. 4 x 10°, 3 x 10°, and 8 X 107 syncytia 
were detected on BHK, HeLa, and VeroE6 cells, respectively. 
S117 failed to produce syncytium, and no virus antigen was 
detected by IFA after srr7 spinoculation in MHVR-negative 
cell lines (data not shown). 

These results collectively suggest that wt JHMV infects 
MHVR-negative cells if it is forced to attach the cell surface. 
However, srr7 fails to infect cells in an MHVR-independent 
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FIG. 3. Quantitative estimation of syncytium formation after spino- 
culation: DBT or BHK cells were infected by spinoculation (black 
column) or by ordinary methods (shaded column) with 10* PFU of wt 
JHMV or srr7. Cells were further incubated in DMEM containing 5% 
FBS for 14 h, and the number of syncytia was determined after staining 
with crystal violet. Error bars the represent standard deviations of the 
results of three independent experiments. 


fashion, being consistent with our previous results obtained by 
the infected-cell overlay test. 

Facilitation of infection by spinoculation with soMHVR. 
Previous studies on the infected-cell overlay test have shown 
that MHVR-independent infection was facilitated by soluble 
MHVR (42). DBT cells infected with srr7 did not induce 
fusion on BHK cell monolayers. However, they induced fusion 
when cells were cultured in the presence of sOMHVR. wt 
JHMV infection was also augmented by soMHVR in terms of 
the size of syncytia produced in an MHVR-independent fash- 
ion. These findings suggested that S protein adjacent to 
MHVR-negative target cells can be activated by the soMHVR 
(42). In the present study, we also addressed whether or not 
soOMHVR enhances MHVR-independent infection. wt JHMV 
or srr7 infected by spinoculation, as described above, were 
incubated in the presence of 50 nM soMHVR (1), consisting of 
the N domain alone of MHVR (30). As shown in Fig. 5, 
soOMHVR enhanced the spinoculated wt JHMV by about 30- 
fold. Although srr7 attached by spinoculation failed to infect 
cells without MHVR, soMHVR potentiated the srr7 infection, 
which shows that srr7 infection is solely dependent upon the 
presence of MHVR. These results with virions are similar to 
those found with MHVR-independent infection, when exam- 
ined by the infected-cell overlay test. 

Naturally occurring release of S1 of wt JHMV from the cell 
surface. S1 of JHMV with MHVR-independent infection ac- 
tivity has been described as being released in a naturally oc- 
curring fashion from the cell surface, but this result was not 
seen in JHMV-derived mutant viruses without this activity 
(23). Thus, we also examined wt JHMV and srr7, with and 
without MHVR-independent infection activity, respectively, to 
assess whether their S1 is released from S2 when expressed on 
cells. S protein of wt JHMV and srr7 was expressed in BHK 
cells by transfecting the plasmids harboring wt or srr7 S gene. 
The S proteins of both viruses were expressed in similar 
amounts and transported equally onto the cell surface, as re- 
vealed by flow cytometric analysis (Fig. 6A). However, S1 pro- 
teins were not clearly detected in the culture fluids of cells 
expressing these S proteins. We then expressed S protein with 
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FIG. 4. MHVR-independent infection of wt JHMV in various cell lines by spinoculation: wt JHMV of 10° PFU was spinoculated onto cells 
without MHVR expression, BHK cells, HeLa cells, or VeroE6 cells, and incubated for 14 h. Syncytium formation was microscopically observed 
by phase-contrast microscopy (Pha) or by immunofluorescence (IFA) with anti-spike MAbs under low and high magnifications (high magnifica- 


tion = 2X low magnification). 


the T7 vaccinia virus expression system, which normally per- 
mits higher expression of the protein. S1 or $2 subunits re- 
leased in the culture fluids were detected by immunoprecipi- 
tation, followed by Western blotting with subunit specific 
MAbs, as described in Materials and Methods. MAbs used to 
precipitate S protein in the supernatant recognize epitopes 
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FIG. 5. Effect of soMHVR on the infection after spinoculation: 
BHK cells were infected by spinoculation with 10? PFU of wt and srr7, 
and infected cells were cultured for 14 h in DMEM containing 5% FBS 
in the presence (+) or absence (—) of soOMHVR (50 nM final concen- 
tration). The number of syncytia was counted after staining with crystal 
violet. Error bars represent the standard deviations of the results of 
three independent samples. 


located in the S1 and were shown to coimmunoprecipitate $2 
that interacts with S1 in our previous study (24). It was re- 
vealed that large amounts of the S1 subunit of wt JHMV were 
released into culture supernatants of cells transfected with wt 
S expression plasmid (Fig. 6B). On the other hand, there was 
no release of S1 subunit in the supernatants of cells introduced 
with srr7 S expression plasmid. The S2 subunit of each strain 
was not released into the supernatant. The amounts of wt and 
srr7 S proteins expressed were not different, as demonstrated 
by Western blotting (Fig. 6B). These results agree with the 
observations by Krueger et al. (23) that S1 of MHV showing 
MHVR- independent infection is released in a naturally occur- 
ring event, whereas this phenomenon was not observed for 
those without such activity. 


DISCUSSION 


Viral infection is generally restricted to cells that express the 
receptor molecule, with which the virus binds specifically and 
invades cells. Some viruses are known to infect cells on which 
a specific receptor molecule is not expressed, and these infec- 
tions are generally not as efficient as the infection via an iden- 
tified receptor. For example, HIV infects cells that do not 
express its receptor CD4 (4) and measles virus can infect cells 
lacking both SLAM and CD46, molecules identified as measles 
virus receptor (21). These infections are supposedly attributed 
to another cellular receptor (4, 21). MHV mutants derived 
from cells persistently infected with MHV-AS9 strain or cells 
doubly infected with JHMV and MHV-A59 were reported to 
infect a variety of MHVR-negative cells derived from different 
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FIG. 6. Analysis of wt and srr7 S proteins expressed in BHK cells: (A) Expression of S protein on cell surface after transfection with expression 
plasmid containing S gene of wt or srr7. Cells were transfected with plasmid containing wt (wt) or srr7 (srr7) S gene. They were also transfected 
with plasmid containing no S gene (mock). The cells were harvested at 8 h after transfection and stained with anti-S MAbs and anti-mouse IgG 
antibody conjugated with phycoerythrin. Flow cytometric analysis was done with FACSCalibur, and the fluorescence intensity was analyzed by dot 
plot analysis. (B) Western blot analysis of the S protein in culture fluid of BHK cells transfected with S gene. Expression plasmids harboring either 
wt (wt) or srr7 (srr7) S gene, as well as plasmid alone (mock), were transfected into BHK cells previously infected with vIF7.3 for the S protein 
expression. S protein in culture supernatants (Sup) was immunoprecipitated by MAbs against S protein and analyzed by Western blotting with 
MAbs 11F and 10G specific for S1 and S2, respectively. S protein in cells (Cell) was analyzed by using total cell lysates. 


species (1, 2, 35). In these cases, infections were induced by 
using standard protocols and did not require an infected cell 
overlay or spinoculation, suggesting that their infections are 
mediated by molecule(s) that function as an alternative recep- 
tor. Some of these MHV mutants were revealed to utilize 
human CEA as a receptor, although some other molecules 
were supposed to work as a receptor, since these mutants 
infected cells derived from nonhuman species as well (1). 
MHV mutant isolated from the above-described persistent in- 
fection was recently reported to obtain the ability to use hepa- 
ran sulfate for entry receptor (11). In contrast, some strains of 
MHV are reported to spread in an MHVR-independent man- 
ner (41). For example, highly neurovirulent MHV-JHMV is 
able to spread from cells initially infected via its receptor 
CEACAM1 to CEACAM1-negative cells (17, 31). Although it 
is clear that MHVR is not involved in this MHVR-indepen- 
dent infection, no other specific molecules are supposedly in- 
volved, since this infection differs from those that use alterna- 
tive, less-functional receptors, such as HIV, measles virus, or 
MHV mutant isolated from persistent infection (4, 11, 21) in 
that the infection is not accomplished after standard protocol 
of infection. 

MHVER-independent infection had been restricted from 
cells initially infected via MHVR to MHVR-negative cells (in- 
fected-cell overlay test), whereas viruses failed to directly in- 
fect MHVR-negative cells when ordinary infection procedures 
were used. The proposed mechanism of MHVR-independent 


infection is that S protein adjacent to the cell membrane is 
activated for fusion in a naturally occurring manner, which 
allows it to induce a fusion of the viral envelope and cell 
membrane without receptor involvement. However, an infect- 
ed-cell overlay test could not completely rule out the possible 
contribution of some cellular factors derived from initially in- 
fected MHVR-positive cells. Even the possibility is not thor- 
oughly excluded that MHVR expressed on MHV-infected 
DBT cells plays a part in this infection. To explore the hypoth- 
esized mechanism of MHVR-independent infection described 
above and to determine whether there are possible cellular 
factors, we have performed spinoculation that was reported by 
retrovirologists to force virions to attach onto the cell surface 
(8, 15, 32). For spinoculation in the present study, cells were 
spun together with inoculated viruses in medium containing 0.5 
wg of ConA/ml at 1,750 x g for 2 h at 4°C. This procedure 
enhanced virus attachment by ~100-fold, irrespective of the 
virus strains used, i.e., wt JHMV and srr7, with and without 
MHVER- independent infection activity, respectively. It also en- 
hanced the infection of wt JHMV by more than 100-fold but 
not at all for srr7 infection, which displayed for the first time an 
MHVER-independent infection by using wt JHMV virions. 
Since our virus materials used for spinoculation could contain 
some components of infected cells, we excluded those materi- 
als by the purification of MHV with sucrose gradient centrif- 
ugation. These viruses also showed the similar enhanced in- 
fection by spinoculation (data not shown). These findings 
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collectively exclude the possible participation of some specific 
cellular factors into the MHVR-independent infection. 

Although the data now available suggest the mechanism of 
MHVR-independent infection as described above, they fail to 
exclude the possibility that another receptor molecule is re- 
sponsible for this infection. Cellular factors such as heparan 
sulfate or several chemical reagents were reported to function 
as a receptor (11, 19, 20). However, we think the possibility is 
quite low for the following reasons. A possible receptor, if 
there is one, has very weak receptor functionality; it is more 
than 10* and 10° less functional compared to CEACAM1 for 
wt JHMV and srr7, respectively. Actually, it does not function 
at all as a receptor for srr7. Moreover, such a receptor would 
permit the binding of wt and srr7 to almost the same extent 
(Fig. 1B) and be expressed ubiquitously in various species, 
since not only BHK cells derived from hamster but also HeLa 
and VeroE6 cells derived from human and the monkey are 
target cells for MHVR-independent infection. To finally ex- 
clude such a molecule to work as a receptor, liposome-binding 
of wt JHMV but not srr7 in the absence of ssoOMHVR would be 
a convincing evidence. 

The receptor molecule for enveloped viruses has at least two 
distinct, critical functions, namely, its ability to bind to the virus 
surface protein and its ability to activate fusion of the protein, 
which would result in the fusion of envelope and cell mem- 
brane, thereby permitting virus entry into the cell. Spinocula- 
tion can replace one of these functions, the binding of enve- 
lope protein to cell surface. After binding to the cell surface, 
virus surface protein is activated for fusion if a soluble form of 
the receptor interacts with the protein. This is evident for the 
S protein of srr7 that does not show MHVR-independent fu- 
sion activity. This feature is usually observed in other viruses, 
such as the retrovirus avian sarcoma leukosis virus (ASLV), 
which is able to infect cells lacking its receptor, if ASLV is 
allowed to attach those cells by spinoculation and soluble 
ASLV receptors are mixed in the culture (8). 

To show that the MHVR-independent infection is not re- 
stricted in BHK cells, two other cell lines were used for spino- 
culation. Although remarkable syncytia were not produced, as 
seen in BHK cells, infection by wt JHMV of HeLa and VeroE6 
cells was detected by IFA with anti-S antibodies. There are two 
possibilities to explain this difference in cytopathic changes 
caused by wt JHMV. One is that there are differences in the 
degree of replication among these cells after spinoculation. wt 
infection in BHK cells could produce more abundant S protein 
than in VeroE6 or HeLa cells. The other possibility is that the 
components of plasma membrane of these cell lines, especially 
the lipid composition, are varied. Cellular cholesterol was re- 
ported to influence replication efficiency and fusion formation 
ability of MHV (9, 44). 

In conclusion, we showed in the present study that the virus 
with MHVR-independent infection activity is able to infect 
cells when it is attached to the target cell surface. However, the 
virus without this activity fails to infect cells, even if it is 
attached to the cell surface. It is also confirmed that S1 release 
from S2 in a naturally occurring event is one of the important 
features for the virus with MHVR-independent infection ac- 
tivity. These observations support the proposed mechanism of 
MHVER-independent infection; S protein attached to the 
MHVR-negative cell surface is activated for fusion of the vi- 
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rus-cell membrane, which is mediated by a naturally occurring 
dissociation of S1 from $2. However, the possibility that the 
cellular molecule is a receptor with a weak function for wt 
JHMYV, but not for srr7, cannot be thoroughly excluded. 
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